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Abstract

Neutrophil granulocytes are key components of the host response against patho-
gens, and severe neutropenia, with neutrophil counts below 0.5 x 10° cells/mL,
renders patients increasingly vulnerable to infections. Published in vitro (n=7)
and in vivo (n=>5) studies with time-course information on bacterial and neu-
trophil counts were digitized to characterize the kinetics of neutrophil-mediated
bacterial killing and inform on the immune systems' contribution to the clear-
ance of bacterial infections. A mathematical model for the in vitro dynamics
of bacteria and the kinetics of neutrophil-mediated phagocytosis and digestion
was developed, which was extended to in vivo studies in immune-competent
and immune-compromised mice. Neutrophil-mediated bacterial killing was de-
scribed by two first-order processes—phagocytosis and digestion—scaled by neu-
trophil concentration, where 50% of the maximum was achieved at neutrophil
counts of 1.19 x 10° cells/mL (phagocytosis) and 6.55 x 10° cells/mL (digestion).
The process efficiencies diminished as the phagocytosed bacteria to total neutro-
phils ratio increased (with 50% reduction at a ratio of 3.41). Neutrophil in vivo
dynamics were captured through the characterization of myelosuppressive drug
effects and postinoculation neutrophil influx into lungs and by system differences
(27% bacterial growth and 9.3% maximum capacity, compared with in vitro esti-
mates). Predictions showed how the therapeutically induced reduction of neu-
trophil counts enabled bacterial growth, especially when falling below 0.5 x 10°
cells/mL, whereas control individuals could deal with all tested bacterial bur-
dens (up to 10’ colony forming units/g lung). The model-based characterization
of neutrophil-mediated bacterial killing simultaneously predicted data across in
vitro and in vivo studies and may be used to inform the capacity of host-response
at the individual level.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Neutrophils are important contributors to the host's innate immune response
against pathogens, but low counts render the host vulnerable to infections.
WHAT QUESTION DID THIS STUDY ADDRESS?

This study integrates in vitro and in vivo data in a modeling framework to study
neutrophil-mediated bacterial killing and the relationships between neutrophil
and bacterial counts in terms of clearance or manifestation of an infection.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study provides quantitative insights into the neutrophil-bacterial axis, and
may serve as a translational link between in vitro and in vivo studies.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

The results improve the understanding of preclinical data for antibiotic drug de-
velopment, specifically the contribution of the innate immune response in stud-

INTRODUCTION

Neutrophils play a key role in the host innate immune re-
sponse against invading pathogens."” Granulopoiesis by
hematopoietic bone marrow cells generate up toward 2
x 10" neutrophils per day, which circulate with a half-life
of 6-8h.? The normal blood neutrophil range in humans
is defined as 1.5-8.0 x 10° cells/mL. Neutropenia, a blood
neutrophil count below 1.5 x 10° cells/mL, is associated
with an increased infection risk and more severe infec-
tions.*> Among typical pathogens found in neutropenic
patients, often with respiratory or blood stream infections,
are the gram-negatives Escherichia coli, Klebsiella species,
Pseudomonas aeruginosa, and Acinetobacter baumannii
and the gram-positives Staphylococcus epidermidis and
Staphylococcus aureus.®’

Infection occurs when an invading pathogen takes
residence in the sterile tissues of a host and starts to
proliferate. Pathogen associated molecular patterns are
recognized immediately by the host innate immune sys-
tem, which engages to liberate the body of the invader.
Pathogens are marked with opsonin molecules to facili-
tate phagocytosis, either by the complement arm of the
innate immune system (by opsonin molecules C4b, C3b,
and C3bi) or by immunoglobulin G antibodies, which en-
able phagocyte recognition by way of complement or Fc
receptors.** 1 Eradication proceeds through the internal-
ization of the pathogen (phagocytosis) and the breakdown
of the internalized matter (“digestion”). Phagocytosis trig-
gers at the cell membrane through stimulation of initiat-
ing receptors, which leads to intracellular activation and
formation of pseudopodia (arm-like extensions) and an

ies with immune-competent mice.

engulfed phagosome, after which intracellular granules
containing reactive oxygen species and enzymes digest the
phagosome.®!!

Neutropenia is often a complication in cancer patients
who receive myelosuppressive chemotherapy, as dividing
hematopoietic cells are affected in addition to the targeted
cancerous cells.”” The Common Terminology Criteria for
Adverse Events defines increasingly severe neutropenia
(Grades 2 to 4) as >1.0 to <1.5 x 10° cells/mL, >0.5 to <1.0
x10° cells/mL, and <0.5 x10° cells/mL. To avoid pro-
longed neutropenia and the increased risk of opportunistic
infections and sepsis, neutrophils should recover prior to
a next chemotherapeutic dose administration, with treat-
ment decisions possibly guided by predictive models.'***

Typically, antimicrobial drugs are administered to
assist a compromised (or functioning) immune system
in combating an infection. However, the host response
component is usually disregarded during pharmacoki-
netic/pharmacodynamic (PKPD) assessment of antibi-
otics, and its effect relative to that of the administered
antibiotic(s) is undetermined, although it may be pro-
found.'>'® Although large variability may exist between
individuals, all sustain a degree of phagocytic capacity,
which warrants further investigation of the relation be-
tween bacterial concentration and neutrophil-mediated
killing capacity. Application of mechanism-based math-
ematical PKPD modeling has been shown to offer sub-
stantial value for optimized antimicrobial therapy by
allowing description of the full time courses of drug
disposition, bacterial growth, antibiotic killing, and re-
sistance development.'” In a model-based analysis, data
from different sources (e.g., in vitro, in vivo, clinical)
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can be combined to establish a translational framework,
which furthers understanding and quantification of dif-
ferences and similarities between settings.'” To expand
these models, and to also integrate a quantitative as-
sessment of the interaction between pathogen and the
host immune system, has recently been highlighted as
a prioritized research area and a step toward successful
prediction of individual patient outcomes and clinical
trial results.'®

The aim of this work was to use mathematical mod-
eling to characterize the kinetics of neutrophil-mediated
phagocytosis and digestion of bacteria to quantify the abil-
ity of the immune system to eradicate different degrees
of bacterial burdens. Specifically, neutrophil-mediated
killing was characterized across varying neutrophil and
bacterial concentrations (in vitro studies) and extended to
describe neutrophil and bacterial time courses in immune-
competent and compromised mice (in vivo studies).

MATERIALS AND METHODS

A literature search was performed to identify studies de-
scribing temporal dynamics of neutrophils and bacteria.
Studies that used pathogenic bacteria and reported bacte-
rial (colony forming units [CFU]) or neutrophil concen-
tration over time were included. Studies performed in
vitro should use >5% human serum (for opsonization) and
a temperature of 37°C, whereas in vivo studies should be
performed using a murine pneumonia model. The iden-
tified studies, listed in Table 1, comprised seven in vitro
and five in vivo studies with information relevant for the
intended modeling work.

The in vitro experiments, either performed in liquid or
gel media, were done at one fixed neutrophil concentra-
tion but with varying bacterial inoculum'~** or by varying
both the bacterial inoculum and the neutrophil concen-
tration.'®?*?* Bacterial concentrations (CFU/mL) were
quantified by bacterial plating, followed by incubation and
counting of CFUs. Two studies specifically assessed neu-
trophil digestion, by first exposing bacteria to neutrophils
before removal of extracellular bacteria.**** The quantified
CFU then represented viable intracellular bacteria (i.e.,
phagocytosed but nondigested bacteria), with the differ-
ence reflecting digestion of phagocytosed bacteria. In one
study, the viable extracellular bacteria were separated from
neutrophils by centrifugation, with the quantified CFU
representing viable nonphagocytosed bacteria.'* The re-
maining studies lysed the neutrophils with sterilized water
to release intracellular bacteria, and the quantified CFU
represented the total viable CFU (i.e., nonphagocytosed
and phagocytosed but nondigested).'®***** One study was
reserved for evaluation and not used for model building.'®

The in vivo experiments consisted of four studies of
A. baumannii pneumonia®® and one study that quan-
tified neutrophil concentrations in tissues (without
bacteria).29 In one study, mice were pretreated with cyclo-
phosphamide (50/50, 100/50, 200/150mg/kg, or vehicle
96 and 24 h prior to inoculation) to reduce the circulating
neutrophil count, which was assumed to impact the posti-
noculation neutrophil influx and thus CFU time course in
lung.”’ Three studies described the bacterial time course
in lung of immune-competent mice,”>*?% and one also
informed on the time course of neutrophils and alveolar
macrophages in lung.®® At specified times after inocula-
tion, mice were euthanized and the lungs were carefully
dissected and homogenized prior to plating. The units of
the digitized observations were transformed from CFU/
lung or CFU/mL to CFU/g by considering the dilution
volume and/or an approximate lung weight of 0.175g in
C57BL/6 mice.* The reported bacterial inoculum was also
transformed (from CFU to CFU/g).

Software

Graphical data points representing longitudinal bacteria
or neutrophil were digitized by use of Engauge digitizer
(Version 12.1). The statistical software R (Version 4.0.2)
was used for data visualization and model predictions
using packages tidyverse (Version 1.3.1)*' and RxODE
(Version 1.1.2).** Model development was conducted with
NONMEM (Version 7.5.0) using the first-order conditional
estimation method facilitated by Perl-speaks-NONMEM
and Xpose 4 (Version 4.7.1).** The computations were en-
abled by the Swedish National Infrastructure for Comput-
ing (SNIC) at UPPMAX, by resources in the project SNIC
2021/5-552.

Model development

Data were converted to log;, scale and modeled with
additive residual error using the transform-both-sides
approach. As a starting point, separate models were de-
veloped for relevant subsets of the in vitro data in the fol-
lowing order: (i) bacterial growth (without neutrophils),
(ii) neutrophil digestion of phagocytosed bacteria,”*** and
(iii) neutrophil phagocytosis of bacteria. In each step, the
parameters relating to the previous model(s) were fixed
with a simultaneous estimation of the combined in vitro
model as a final step.

To describe the in vivo data, the established in vitro
model was extended to a model for neutrophil dynamics
after cancer chemotherapy.'*** Development proceeded in
steps to account for (i) drug-induced change in circulating
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neutrophils, (ii) neutrophil (and macrophage) time course
in lungs upon bacterial deposition, and (iii) CFU time
course in lung after bacterial deposition. Structural and nu-
merical (parameter estimates) differences between in vitro
and in vivo studies were assessed before a final simultane-
ous fit with in vitro and in vivo parameters unfixed.

Bacterial in vitro dynamics

A published structural model was adopted to describe
bacterial dynamics, separating bacteria into growing (S)
and resting (R) states.®® In this model, total CFU count is
governed by first-order rate constants describing growth
(Kgrowtn) and natural death (Kgeqn) and by a maximum car-
rying density (B,,,), With transfer from S to R defined as
keg=(S+ R)'(kgrowth_kdeath)/BmaX'

Bacterial growth controls displayed a growth delay, and
alag state (L) was added.'®?*?* Because of the limited data
and short duration of experiments (<3h), the first-order
natural bacterial death rate constant was fixed t0 0.179 h ™,
and kg was fixed to 0h™" (determined based on more in-
formative data in the original publication of the model).*
Bynax Was fixed to 2.5-10° CFU/mL, representing the high-
est digitized CFU. All bacteria started in the L state and
transitioned to the S state (by first-order rate constant k;, )
while being subjected to natural death (ky.,4,)- The bacte-
rial system was defined by:

dL
ar = —Kgeatn - L — klalg L Y]
ds
ar = —Kgeatn - S+ klag ‘L—keg-S+ kgrowth S (2
drR
ar = —Kgeath - R+Kgg - S (3)

Neutrophil in vitro phagocytosis
and digestion

Neutrophils were assumed to eliminate bacteria accord-
ing to two first-order processes, with estimated rate con-
stants for phagocytosis (Ky phae from all three states: L, S,
and R) and subsequent intracellular digestion (kN,dig)'H
Both processes were assumed to have a maximum capac-
ity (Knmaxphag Knmaxdig) elated to the neutrophil con-
centration (N) through linear, maximum effect [E,,], or
sigmoidal E,, models (with estimated potency param-
eters Nsg ypag and NSO,dig)'27 As each neutrophil has the
capacity for a finite number of bacteria, links were tested
between decreasing phagocytosis and digestion rates
with an increase in the ratio of phagocytosed bacteria to

total neutrophils (P/N, with 50% reduction at estimated
ratios P/Nsq ., and P/Nso,dig).36 Time-related decreases
in phagocytosis and digestion were assessed (K joss phag:
Ky ossdig)> Potentially related to decreased opsonisation,
overall system fatigue, and a loss of cells.”*” Parame-
terizations for neutrophil phagocytosis and digestion are
given in Equations (4) and (5), whereas the number of
bacteria in the neutrophil-phagocytosed state (Py) is cap-
tured by Equation (6):

Kk hae = < kN,malx,phag ‘N > (1 P/N >
N, = ———= ). A
pheg NSO,phag +N P/NSO,phag + P/N (4)

.e ( _kN,loss,phag 't)

K _(kN,max,dig'N> <1_ P/N >
NAE™\ Naggig +N P/Nsoaig+P/N /) (5)
. e(_kN,loss,dig't)
dPy
F = kN,phag N (L +R+ S) - kN,dig . PN (6)

Neutrophil in vivo dynamics

The cyclophosphamide-driven reduction in circulating
neutrophils was described by a semimechanistic model
for myelosuppressive drug effects in rats.>* No structural
changes were made to the model, but parameters were
scaled to mice through allometric scaling by weight
using weights of 0.025 kg (mice) and 0.295kg (rats) and
exponents of 0.75, 1.0, and —0.25 for cyclophosphamide
clearance (CL), volume of distribution (V), and first-
order absorption-rate constant (k,,), respectively.?’3*3*
The parameter describing neutrophil maturation time
(MTT; with k,,=4/MTT) was scaled (exponent of 0.25)
and the systemic feedback factor (y) was fixed to 0.149
(rat estimate, unitless), whereas the drug-effect slope
(Dgrp) and circulating neutrophil concentration at
baseline (N, o) were estimated from the data.** Cy-
clophosphamide concentration in plasma (CP,/V) was
predicted by mono-exponential absorption (from the
absorption compartment, CP,.,, following intraperito-
neal injection) and elimination (k,=CL/V) in Equa-
tions (7) and (8), with neutrophil dynamics described by
Equations (9)-(13):

dCp

d_tabs = — Kyps - CPyps (7
dcP,,
“dr = Kaps - CPaps — ke - CPpl ®)
deroI
T =- ktr : Nprol +ktr : Nprol ' (1 - DSLP ' CPpl/V) (9)

: (Ncirc,TO/ Ncirc)y
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dlj;ﬂ = — Ky Nyp + Ky - N (10)
% = —ky - Ny + ki - Nig an
% = —ky - Nz + kg - Ny (12)
% = — Ky - Nujpe + Kyp - Nigs (13)

Although Equations (9)-(13) were all initialized to
Neire o the neutrophil baselines in tissues are different,
as neutrophil infiltration rate is tissue dependent.” Ad-
ditionally, neutrophils will migrate to the infected tissue,
increasing the local neutrophil concentration.® These
dynamics were incorporated by extending the previous
model with a compartment representing lung neutro-
phils and by implementing a surge defined by amplitude
(Namp), width (Ngyw), and center (N,) in the rate constant
describing influx of neutrophils into lungs upon infec-
tion, described by:

leung

dr = —kg- Nlung +Kki

. <1+NAMP/(((T_NTO)/NSW)6+1)) “Neire

(14

Similar dynamics were explored for lung alveolar
macrophages.*®

Neutrophil in vivo phagocytosis

The processes of phagocytosis and digestion in vivo were
assumed to be similar to the in vitro setup, although disre-
garding the lag in bacterial growth (i.e., bacteria starting
directly in S) and loss of activity (i.e., Ky joss=0). Param-
eter differences between in vitro and in vivo systems
were explored by assessing the statistical improvement
in fit, starting with Kg;om and kymay. and the presence
of an additional in vivo phagocytic capability (e.g., lung
alveolar macrophages) was evaluated (parametrized as in
Equations 4-6).

Model evaluation
Nested models were compared through a likelihood ratio

test of their objective function values (OFV), representing a
statistical measure of fit, with a AOFV =—3.84 considered

ASCPT

statistically significant (@=0.05) for one additional pa-
rameter. Additional assessments were (i) goodness-of-fit
plots (comparing model predictions with observations
and evaluating residuals over time), (ii) parameter uncer-
tainty, and (iii) simulation-based visual predictive checks
(VPCs).164

Model predictions

The established model was used to predict bacterial and
neutrophil dynamics in 1000 individuals for three cy-
clophosphamide regimens (10mg/kg every week [qlw],
20mg/kg every 10days [q10d], and 60 mg/kg every third
week [q3w])* by using a published population pharma-
cokinetic model for cancer patients (assuming a body
weight of 70kg).** Interindividual variability (as percent
coefficient of variation) was included in N, 1o (20%) and
MTT (15%), in CL (27%) and V (56%), and in the myelo-
suppressive drug effect (15%). Bacterial infections were
simulated where a bacterial burden of 10° to 10° CFU/g
lung was added on Day 35, that is, at a time when neutro-
phils were predicted to approach the nadir.

RESULTS

The digitized data (Table 1) included 115 in vitro experi-
ments (403 CFU observations) and 21 in vivo experiments
(56 CFU, 5 blood and 16 lung neutrophil observations).
The final model structure is presented in Figure 1, and
parameter estimates and uncertainties are presented in
Table 2. The final NONMEM model code and data file are
available as Data S2 and Table S1. The digitized data and
VPCs are shown in Figure 2, and external evaluation is
shown in Figure 3.

Bacterial growth

Application of the bacterial model described by Equa-
tions (1)-(3) characterized bacterial dynamics with a kj,,
0f 0.290h™" (#,,, of 2.39h) and a Ky, 0f 1.84h ™" (in vitro
doubling time of 0.377h). Without the lag phase a worse
fit (AOFV=+14.4) was observed and Ky, reduced to
0.751h7".

Neutrophil in vitro phagocytosis
and digestion

Digestion was described as a first-order process (ky gig)
with a maximum (Ky max,qig) Of 5.61 h™! (t,, of 0.124h),
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FIGURE 1 Schematic of final model structure connecting

the static (Nype) or dynamic (Nj,p,) neutrophil concentration-
time course to change in the concentration of bacteria. Bacteria
exists in lag (L), growing (S), or resting (R) states and die naturally
from all states according to the first-order rate constant K e, -
Bacteria in L transitions into S (kj,,) where they replicate (Kgrowin),
and may transition further into R (kgg), dependent on the total
number of bacteria (L+S+R) in the system in relation to the
system carrying density (B,,,,)- Bacteria may be phagocytosed in
vitro by neutrophils (ky pnag) @nd in vivo by neutrophils (ky phag)
and an additional phagocytic capacity (Ky phag represented by a
macrophage). Phagocytosis may occur from all three states (L,

S, R) after which the bacteria, existing in a phagocytosed state

(Py or Py), undergo digestion (by ky gig OF Ky gig)- Deposition of
bacteria in the lungs invokes a surge (described by amplitude

[N ompl, time [Nypo], and width [Ngy]) in the rate at which
circulating neutrophils (N,.) migrate to the lungs (N,). The
intraperitonially injected cyclophosphamide (CP,,) is absorbed
into plasma (k,,,) and eliminated from the system (k). The
cyclophosphamide plasma concentration (CP,/V) is linked (Dgp)
to kill neutrophil progenitors (N,,,;), which will (delayed by ki
through the neutrophil maturation transit chain N;,;-N,;) impact
the circulating (and by extension lung) neutrophil count.

Phagocytes

Ny qig Of 3.98 X 10° cells/mL (AOFV =—25.3, compared
to a linear relation). Improvement was seen when ac-
cumulation of bacteria reduced kygig, With P/Nsg g
estimated to 2.84 (AOFV =-27.9). Lastly, an exponen-
tial time-driven decrease in Ky g, further improved the
fit (AOFV =-23.7), with a Ky jossig OF 0.961h™" (1, of
0.721h). Phagocytosis (Kypnag) Was described simi-
larly: Ky max,phag Of 8.35 h™' (t,, of 0.0830h), Niso,phag Of
6.92 x10° cells/mL (AOFV =—-133), P/Ns) g Of 3.92
(AOFV=-151), and a Kyjossphag Of 0.771h7" (8, of
0.899h) (AOFV = —81.9).

Simplifications were evaluated by allowing shared
parameters for digestion and phagocytosis (e.g., one
Knmax for both processes). Six parameters could be re-
duced to three (shared Ky p.x [AOFV=+0.033], Kyoss
[AOFV=+0.837], and P/Ny, [AOFV=+0.95], with total

AOFV=+2.12), whereas separate Ny 4, and Ny ., Were
kept (AOFV=+6.15).

Neutrophil in vivo dynamics and
bacterial killing

Neutrophil data were adequately described by the chosen
structural model, when the slope for cyclophosphamide-
induced killing of proliferating cells (Dg; p of 1.26 mL/mg)
and neutrophil baseline N, 1o (1.69 X 10° cells/mL) were
estimated from the data. The rate of neutrophil influx into
the lung peaked approximately 2 days after infection (N,
of 50.5h) with a large increase (N, of 44.2) and with
a wide peak duration (Ngy of 28.2h). Reduced bacte-
rial growth and maximum neutrophil activity (Kgoumn Of
0.502h™" and Ky yqy Of 0.820h~", AOFV=-188), and an
additional phagocytic capacity was found in vivo (ky i of
0.287h™!, AOFV= —23.5). Although no links could be es-
tablished between ky; ;. and the alveolar macrophage time
course, a cyclophosphamide-related reduction in ky;,
(proportional to N;./Nic o AOFV=-16.9) and a time-
driven reduction (ky;j.s Of 0.0111 h™', AOFV=-551)
were identified.

Model predictions

The predicted neutrophil time course in blood and lungs
of patients receiving cyclophosphamide according to three
different regimens are shown in Figure 4. The predictions
illustrate how increased doses of cyclophosphamide im-
pacts circulating and lung influx of neutrophils (reduced
peak with CFU inoculation at 5weeks). The predicted
bacterial time course is shown in Figure 5, indicating that
untreated individuals are predicted to be able to eradicate
the bacteria completely across burdens, although the time
of eradication is delayed at higher burdens. More than
50% of patients treated with 10mg/kg qlw and 20mg/
kg q10d regimens are predicted to handle lower bacterial
burdens (10° and 10’ CFU/g lung), but the typical patient
fails to eradicate burdens >10° CFU/g lung, whereas pa-
tients treated with a supratherapeutic dose of 60mg/kg
q3w dose fails to combat bacteria at any burden.

DISCUSSION

This work describes the development of a mathemati-
cal model (Figure 1) that is able to predict neutrophil-
mediated killing of bacteria across in vitro and in vivo
experiments through two separate processes that repre-
sent phagocytosis and digestion. The model builds on a
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FIGURE 2 Overview of the digitized data used to develop the model and how well simulations from the final model can replicate
the digitized time courses. The points represent observations, the solid lines represent the medians of the observations, the dashed

lines represent the medians of model simulations, and the shaded areas are 95% confidence intervals for the simulated medians. (a)

In vitro studies, covering bacterial growth controls (without addition of neutrophils), digestion of phagocytosed bacteria, extracellular

(i.e., nondigested) bacteria, and studies quantifying total bacteria (with approximate neutrophil concentration in the panel headers).

(b) In vivo studies measuring neutrophil influx in lungs after administration of bacteria and circulating neutrophils with and without

cyclophosphamide treatment (regimen in legend). (c) In vivo studies quantifying the growth of bacteria in the lungs of immune-competent

and cyclophosphamide-treated mice. CFU, colony forming unit.
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FIGURE 3 (a)Model evaluation on external in vitro data'® through simulations from the final model. The points represent digitized
observations, the solid lines represent the medians of the observations, the dashed lines represent the medians of model simulations, and the

shaded areas are 95% confidence intervals for the simulated medians, with the static neutrophil concentration indicated in the header. The

lines represent an interpolation between two timepoints (0 and 1h) and is not a model prediction of the time course. (b) Identification of the

same biphasic relation between neutrophil concentration and change in bacterial burden as shown previously.'® The color represents the

colony forming unit [CFU] count relative to the inoculum after 1.5h, with red indicating an increase, green indicating a decrease, and black

indicating minimal-to-no change.

previously developed framework for assessment of bac-
terial dynamics and antibiotic-induced bacterial killing
by linking bacterial concentration to static (in vitro) or
dynamic (in vivo) neutrophil concentrations.*> The dy-
namic neutrophil counts relied on an established model,
which has been shown to scale adequately between ani-
mals and humans."*** The model's ability to replicate

the various designs of the underlying data is evident
in Figure 2, whereas external evaluation of the in vitro
model (Figure 3) was found to slightly underpredict the
observed killing. This may reflect a lower maximum sys-
tem capacity (B,,,,) in the external data, possibly related
to in vitro experimental variability caused by differences
in the type of bacteria (clinical isolates vs. reference
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FIGURE 4 Prediction of neutrophil time courses in blood (top) and lung (bottom) for n=1000 individuals (70kg) treated with
cyclophosphamide as indicated in the header (three regimens plus control). Bacteria is deposited in the lungs at 5weeks (indicated by
arrows), which is associated with the surge in lung neutrophil concentration. The red solid lines represent the medians and the dashed
red lines the 5th and 95th percentiles of the predictions. The horizonal dashed lines in the top panel indicates the cutoff for Grade 4 (Gr4)
neutropenia. q10d, every 10days; qlw, every week; q3w, every third week.

strains), immune cells (granulocytes vs. neutrophils),
or in the experimental set-up. The model did, however,
display the same biphasic pattern in CFU change across
different bacterial inoculum and neutrophil concentra-
tions, where a neutrophil concentration of 0.5 x 10° cell/
mL is enough to deal with bacterial inoculums up to
10° CFU/mL, but where progressively higher neutrophil
concentrations are required with bacterial inoculums
above 10° CFU/mL."°

A potency estimate related to neutrophil-mediated
killing of 1.91 x 10’ cells/mL has been reported, which is
lower than our final estimates of 1.19 x10° cell/mL for
phagocytosis and 6.55 x 10° cell/mL for digestion.”’” How-
ever, the previous model, which was based on a single
study, did not separate phagocytosis and digestion pro-
cesses or consider the effect of an increasing P/N ratio.
Moreover, the study did not use time-varying lung neutro-
phil concentration (but the circulating count), which may
result in a lower estimate. The separation between phago-
cytosis and digestion was partly informed by intracellular
digestion studies’®* and nondigested studies.***** As
the estimate of N 4, was higher than for Ny, p,,, (the fit

was significantly worse with a shared parameter), the di-
gestion process became rate-limiting for removal of bac-
teria.*® Although the digestion rate would not intuitively
depend on the system neutrophil concentration, it may be
explained by improved cell-cell interaction and a more
even distribution of phagocytosed bacteria across neutro-
phils at higher neutrophil concentrations.*?

The link between the phagocytosis and digestion
rates and the P/N ratio may be explained partly through
an increased release of antimicrobial peptides, an in-
creased concentration of toxic bacterial products, and an
increased stress on the neutrophil cell structure, which
compromises the integrity of the neutrophil. An approx-
imate neutrophil capacity of 50 CFU per cell has been re-
ported,* which under the model (P/N,) estimation would
result in a 94% reduction of k., and ky;,, irrespective of
the neutrophil concentration. A time-dependent decrease
of the phagocytosis and digestion rates (ky ) accounted
for progressive in vitro system fatigue, explained by a loss
of opsonization and neutrophil deterioration, which may
also affect phagosome maturation (important for diges-
tion).?>*” The in vitro model development did not account
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FIGURE 5 Prediction of bacterial time courses in lung for n=1000 individuals (70 kg) treated with cyclophosphamide as indicated in
the header (three regimens plus control). Neutrophil time courses are as shown in Figure 4, with bacteria deposited in the lungs at 5weeks.
The red solid lines represent the medians and the dashed red lines the 5th and 95th percentiles of the predictions. CFU, colony forming unit;

q10d, every 10days; qlw, every week; q3w, every third week.

for additional bacterial elimination mechanisms, such as
extracellular elimination by reactive chemical molecules
or extracellular traps.'"*

For the in vivo neutrophil dynamics, a postinoc-
ulation surge in lung neutrophils was achieved by
linking the circulating neutrophil compartment to a
compartment representing lungs. Prior to inoculation,
the concentration of lung neutrophils (cells/lung) was
approximately equal to that in blood (cells/mL), when
accounting for lung weight (0.175 g) and/or lung blood
volume (0.177 mL).3°’46 At the peak influx, occurring
approximately 2days postinoculation, the neutrophil
lung concentration exceeded 6.31 x 10 cells/g lung,
more than 30X the circulating concentration. This re-
affirms, that the immune response is designed to hit
hard and strong, to eradicate pathogens swiftly. How-
ever, although the data contained sufficient informa-
tion to describe neutrophil lung influx, it did not allow
for a mechanistic description of the neutrophil source

(i.e., bone-marrow reserves, marginated pool) or for
inoculum-related differences in influx or increase in
circulating counts as infection occurred.*’ New studies
could examine these dynamics further, which would
help to determine the extent of the immune system's
ability to fight an infection, before neutrophil reserves
are exhausted. In the model, the estimate of Ngy sus-
tains the neutrophil influx, and all immune-competent
mice could eliminate the infection up to the highest
inoculum of 5.71 x10°*CFU/g lung (Figure 2). The
cyclophosphamide-driven reduction in circulating
neutrophils resulted in a lower lung influx, which is
sensible as the myelosuppressive therapy is expected
to affect neutrophil (and phagocytic) reserves across
tissues, with a similar effect on the additional in vivo
phagocytic capacity (~5-fold reduction). The estimated
Dg;p of 1.26 mL/mg (neutrophils) was lower than the
2.65mL/mg (total leukocytes) estimated in rats, even
though neutrophils are expected to be more sensitive
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to cyclophosphamide than total leukocytes.** However,
given the limited information (no time course) and lack
of data on key aspects such as species differences in
protein binding and in susceptibility, the re-estimation
of Dg; p was considered an acceptable option.**

The identified parameter differences in vivo were: (i)
a 73% reduced growth rate (Kg;qy 0f 0.502 h™!, doubling
time of 1.38 h), explained by less optimal in vivo growth
conditions,* (ii) 2 91% decreased maximum neutrophil
kill rate (Ky max Of 0.820h7", £, of 0.845h), which may
be explained by a more restricted access of neutro-
phils to engage with bacteria (not a well-mixed solu-
tion, as in vitro), and (iii) removal of the time-driven
decrease in activity (ky o5 Of 0, as a constant outflow of
cells was implemented in the in vivo model). An addi-
tional in vivo capacity for phagocytosis was identified,
potentially representing lung alveolar macrophages.
Although alveolar macrophages are the primary phago-
cytic cell at baseline conditions they only modestly
increase following deposition of bacteria, whereas neu-
trophils greatly increase in numbers and rapidly make
up the majority of phagocytic cells present in lung.?**
The additional phagocytic capacity (Ky i of 0.287h™")
resulted in initial bacterial elimination with half-lives
of 2.42h and ~12.1h in immune-competent and com-
promised mice, respectively, but reduced over time (.,
of 62h) following imitation of the infection. Although
the decrease could partly be ascribed to a low influx of
new macrophages to the infected tissues (relative to in-
flux of neutrophils), it might also partly reflect the role
that macrophages play in phagocytosis of apoptotic and
nonapoptotic neutrophils (i.e., phagocytosed instead of
bacteria).”

Simplifications were made in the description of bac-
terial dynamics due to the sparse data informing Koy
and Bp,,,, and the in vitro estimate of Ky, covers mul-
tiple bacterial species and different studies. The estimate
of Kgowin IS comparable to previous estimates of 1.35 h!
for Streptococcus pyogenes,35 1.56h™! for S. aureus, and
1.45 for E. coli,'® whereas the system capacity was fixed to
the upper limit of the digitized data. The impact of fixing
Kgearn to the value from the original publication (0.179h™)
was judged to be minor, as any difference in kg, would
be compensated for in the Ky, estimate because those
parameters are correlated. Moreover, the data did not sup-
port the estimation of kgg, and it was therefore assumed
that the bacteria in the resting state would not transfer
back to the growing state given the continuous high stress
in the environment and the short time frame of the exper-
iments. Similarly, the underlying data did not allow the es-
timation of differences in neutrophil-mediated killing for
different bacterial species. Although this is rational for the

ASCPT

in vitro studies (as a result of well-stirred conditions and
proximity between neutrophils and bacteria), the in vivo
studies focused on a single species (A. baumannii) because
of the large between-pathogen variability in stimulation
of the innate host response. However, although the model
is a general description of neutrophil-mediated bacterial
killing, it can readily be expanded with new data and co-
variate effects such as those describing species differences
in growth or kill. Further mouse studies (and modeling
efforts) should explore differences in host response and
phagocytic capacity toward different bacterial species at
different inoculums.

Predictions of human neutrophil and bacterial dynam-
ics (Figures 3-5) indicate that a fixed neutrophil concen-
tration at which all pathogens are successfully eliminated
is difficult to derive. Instead, whether a given bacterial
inoculum will result in manifestation of eradication de-
pends on the bacterial burden in relation to the neutrophil
concentration. In addition, the “critical neutrophil con-
centration” (0.3-0.5 x 10° cell/mL) is comparable to Grade
4 neutropenia (Figures 3 and 5), below which the neutro-
phil number is insufficient to handle even the mildest in-
fections.”*** From Figure 5 (moderate and high dose), it
appears that individuals who reach Grade 4 neutropenia
(circulating counts) will have difficulties to eradicate the
lower burdens of 10° and 10’ CFU/g lung. Indeed, irrespec-
tive of patients having neutrophil concentrations above
the Grade 4 cutoff, any myelosuppressive drug-induced
reduction in neutrophils prevents individuals from deal-
ing with the higher burdens of 10® and 10° CFU/g lung,
whereas untreated subjects are still predicted to eradicate
such burdens. However, as these results are extrapolated
from mice, clinical data informing the temporal aspects
of neutrophil concentration, bacterial burden, and host-
response biomarkers (cytokines, chemokines) would help
to further elucidate the interindividual variability in host-
response mechanisms and phagocytic capacity. The pre-
sented model suggests that effective phagocytosis does not
only depend on neutrophil concentration, but on the bac-
terial growth (and natural death) rates and the bacteria-
to-neutrophil ratio. As example calculations, the “critical
neutrophil concentration” range would result in initial
(i.e., phagocytosis at time zero) bacterial #,,'s of 5.73 and
0.724h in vitro and 5.72 and 3.49 h in vivo, respectively.

In conclusion, we established a model-based descrip-
tion of neutrophil-mediated killing of bacteria through
processes of phagocytosis and digestion across in vitro and
in vivo studies. The model was used to predict neutrophil-
bacterial time courses in patients treated with cyclophos-
phamide and may be used in the exploration of antibiotic
dosing regimens to assess or compare host-response and
antibiotic drug effects.
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